Background: Cisplatin cures over 80% of testicular germ cell tumours (TGCTs), and nucleotide-excision repair (NER) modifies the sensitivity to cisplatin. We explored the association between NER proteins and their polymorphisms with cisplatin sensitivity (CPS) and overall survival (OS) of patients with non-seminomatous (ns)-TGCTs.
. The cornerstone treatment of metastatic disease is cisplatin-based chemotherapy; over 80% of patients can be cured using this treatment (Schmoll et al, 2004) . The bleomycinetoposide-cisplatin (BEP) regimen is considered to be the standard treatment (Williams et al, 1987) . However, 20-30% of patients do not respond to BEP therapy. Thus, secondary courses of treatment are necessary and result in overall responses between 25-35% (Jones and Vasey, 2003) .
Cisplatin acts as an antineoplastic agent mainly due to its capacity to induce DNA damage. The major DNA lesions induced by cisplatin are intrastrand DNA crosslinks, which induce DNA breaks that are recognised by gH2AX and can be potentially repaired. If the damage persists, the cell undergoes apoptosis (Siddik, 2003) . Nucleotide-excision repair (NER) is the pathway that recognises intrastrand DNA crosslinks. In TGCTs, the mechanisms of tumour sensitivity to cisplatin have been associated with a decrease in the induction of repair (Köberle et al, 1997) .
In the NER pathway, two proteins are associated with the sensitivity of TGCTs to cisplatin: the xeroderma pigmentosum group A (XPA) protein, which binds to the damaged DNA and recruits other NER proteins, and the excision repair crosscomplementation group 1 (ERCC1) protein, which, together with the XP group F (XPF) protein, excises the damaged DNA (Wood et al, 2005; Leibeling et al, 2006) . The expression levels of XPA and ERCC1-XPF are low in TGCT-derived cell lines compared with other cancer cell lines, which may explain the higher sensitivity of TGCT-derived cell lines to cisplatin (Köberle et al, 1996; Köberle et al, 1997; Köberle et al, 1999; Welsh et al, 2004) .
In patients with ovarian cancer, elevated levels of XPA and ERCC1 proteins are correlated with clinical resistance and poor survival (Stevens et al, 2005; Steffensen et al, 2008) . A benefit of adjuvant cisplatin-based chemotherapy is associated with the absence of ERCC1 in patients with non-small cell lung cancer (Olaussen et al, 2007) . In patients with cervical carcinoma, ERCC1 expression facilitates prediction of the response to cisplatin-based neoadjuvant chemotherapy followed by surgery (Park et al, 2011) . ERCC1 expression contributes to the clinical outcome in patients treated with cisplatin-based induction chemotherapy for advanced head and neck squamous cell carcinoma (Handra-Luca et al, 2007) .
There are several polymorphisms in the ERCC1 gene. Some of these polymorphisms result in silent mutations (Yu et al, 1997) ; however, some allelic variants, such as 8092C4A, have been associated with a decrease in the DNA repair capacity and with lower survival rates in patients with colon cancer and lung cancer (Park et al, 2003; Zhou et al, 2004) . In addition, the XPA gene can contain a polymorphism in the 5 0 non-coding region (A-G) that is located four nucleotides upstream of the ATG start codon (Saldivar et al, 2007) . The functional effect of this polymorphism has not yet been elucidated.
In this work, we studied the association between the expression of ERCC1 and XPA, the polymorphisms in ERCC1 (8092C4A) and the 5 0 UTR of XPA, and the overall survival (OS) and sensitivity of non-seminomatous (ns)-TGCTs patients treated with cisplatin-based chemotherapy.
MATERIALS AND METHODS
Cancer cell lines. The human TGCT-derived NT2/D1 cell lines, bladder cancer-derived 1A6 and T-24 cell lines, and HeLa cell lines were used and maintained in DMEM supplemented with 10% (v/v) fetal bovine serum and 1% antibiotics (penicillin/streptomycin) at 37 1C in a 5% CO 2 atmosphere. The cells were incubated at the IC 50 concentrations with cisplatin (Tecnoplatin, Columbia Lab., Mexico) for 1, 15, 18 and 21 h at 37 1C in a humidified atmosphere.
All cell lines have been tested and authenticated.
IC 50 concentrations were determined by plating 80 000 cells in 24 chamber dishes containing 0.5 ml medium, which were incubated overnight at 37 1C. After 1 h of exposure to a range of concentrations of cisplatin, the cells were washed with PBS and incubated in fresh medium for 24 h. Cells were fixed with 70% ethanol at À 20 1C, washed in PBS and stained with 1% crystal violet. After washing, the stain was solubilised in 33% acetic acid, and the absorbance was determined in an ELISA reader at 570 nm. The analyses were performed in triplicate in four independent experiments. The IC 50 values were calculated by using linear regression analysis of the dose-response data using the points in the exponential region of the curve. The IC 50 values used for the cisplatin experiments were 10 mM for the HeLa and T-24 cell lines, 11 mM for the 1A6 cell line, and 4 mM for the NT2/D1 cell line.
Patients. All cases were required to have an orchiectomy, to be confirmed as metastatic ns-TGCTs, to be classified by International Germ Cell Cancer Collaborating Group Classification (IGCCCGC) as having good, intermediate and poor prognosis, and to have combination chemotherapy with three to four BEP cycles (continuous infusion of 30 IU D2, D3, D4 of bleomycin; 100 mg m À 2 D1-D5 of etoposide; and 20 mg m À 2 D1-D5 of cisplatin per cycle). An oncologist determined the biochemical response of the tumours by the cycle of chemotherapy with specific tumour markers (TM): a-fetoprotein, b-human chorionic gonadotrophin, and lactic dehydrogenase. After the third or fourth BEP cycle, the response was determined with TM and computed tomography of the thorax and abdomen according to the following criteria. The patients were classified as sensitive (CPS) if they presented a complete radiological response with no evidence of residual lesions or a biochemical response (negativisation of TM) to BEP, or if they showed negativisation of TM and complete surgical resection of the residual lesions and the histopathology showed necrosis, fibrosis, or mature teratoma. Patients were classified as non-CPS if they presented a persistence of TM after BEP, unresectable residual disease, or if they showed radiological and biochemical disease progression. Patients treated with chemotherapy prior to orchiectomy, with extragonadal tumours, or without adequate biological material were excluded. This project was submitted to and approved by the local commissions of research and ethics in Mexico and Peru; an informed consent was obtained from patients.
Fresh tumour samples. One hundred and forty-two patients were diagnosed with TGCT at the National Cancer Institute of Mexico (INCan), and 35 of them met the inclusion criteria. In the Peruvian population, 82 patients were diagnosed with TGCT at the Instituto Nacional de Enfermedades Neoplásicas of Peru, and 24 of them met the inclusion criteria. Fresh tumour samples from patients were collected from January 2006 to December 2010 before the patients underwent BEP.
Paraffin-embedded tissue blocks. Paraffin-embedded testis specimen blocks were selected by a surgical pathologist, who confirmed that the blocks contained 490% neoplastic tissue. These samples were obtained from 108 patients with metastatic ns-TGCTs that were treated with three to four BEP cycles from January 2000 to December 2006 at the INCan. Determination of gH2AX in cells treated with cisplatin. The presence of gH2AX was analysed to determine the percentage of double-strand breaks (DSBs) induced by cisplatin. Cells (1 Â 10 6 ) were plated in 100-mm dishes, incubated for 24 h at 37 1C, treated with the IC 50 concentration of cisplatin for 1 h and then incubated in fresh medium for 15, 18, or 21 h. The cells were rinsed, fixed, and incubated with anti-gH2AX (Ser139) antibody for 20 min (Millipore, Billerica, MA, USA) . The samples were then analysed with a BD FACSCanto II flow cytometer. The FACSDiva software version 6.1.3 (Becton-Dickinson Company, San Jose, CA, USA) was used for data analysis.
Real-time RT-PCR of ERCC1 and XPA in ns-TGCTs. The expression levels of ERCC1 and XPA were analysed in fresh nsTGCTs samples by real-time RT-PCR with the primers and conditions previously described. The analysis of these samples was performed by dividing them into two groups based on the patients' response to BEP chemotherapy (CPS or non-CPS).
Single-nucleotide polymorphism genotyping. For ns-TGCT patients, genomic DNA was extracted from paraffin-embedded neoplastic tissue; for healthy Mexican subjects, genomic DNA was extracted from peripheral blood samples. The genomic region containing the single-nucleotide polymorphism (SNP) ERCC1 8092C4A was amplified by PCR using the primers 5 0 -TAG-TTC CTC-AGT-TTC-CCG-3 0 (forward) and 5 ERCC1 immunohistochemistry. Four-micrometre sections from paraffin-embedded tissue samples were incubated with a monoclonal antibody against the full-length human ERCC1 (clone 8F1, 1 : 300 dilution, code no. MS-671-P; Neomarkers, Lab Vision Corp., Fremont, CA, USA). Antibody binding was detected using diaminobenzidine as a substrate (DAKO, Glostrup, Denmark), and Harris hematoxylin was used as a counterstain (Merck, Darmstadt, Germany). Normal testis and normal tonsil tissue sections were included as external positive controls, while stromal cells surrounding the tumour area served as internal positive controls.
Microscopy analysis. Two pathologists evaluated ERCC1 staining by light microscopy at Â 400 magnification (Olympus U-D03, Tokyo, Japan); both were blinded to the clinical-pathological and biological characteristics of the patients. The staining intensities of both the tumour and the adjacent control tissue were graded on a scale from 0 to 3, with a higher number indicating a higher intensity; the adjacent control tissue was used as a reference. Discordant cases were reviewed, and cases without internal controls were excluded. The percentage of positive tumour nuclei was calculated for each specimen, and a proportion score was assigned (0 if 0%, 0.1 if 1-9%, 0.5 if 10-49%, and 1 if 50-100%) as previously described (Al-Haddad et al, 1999; Handra-Luca et al, 2003) . This proportion score was multiplied by the staining intensity of the nuclei to obtain a semiquantitative H score. The median value of all H scores was chosen as the cut-off point for separating ERCC1-positive tumours from ERCC1-negative tumours.
Statistical analysis. The differences among the CPS and non-CPS cell lines and patients were analysed by Student's t-or w 2 tests. Replicates of each cell line were analysed by repeated measures ANOVA. The bivariate and multivariate associations of the independent variables and non-sensitivity were performed, employing the logistic regression model. The odds ratio (OR), along with its 95% confidence interval (CI), was quantified as a measure of each association. The Kaplan-Meier technique was used for survival analysis. The differences in OS between categories of interest were analysed using the log-rank test, and the hazard ratios (HRs) of the adjusted ERCC1 were calculated using the Cox model. All probability values of 0.05 or less were considered statistically significant, and two-tailed statistics were used in all cases. SPSS (version 18.0; SPSS, Inc., Chicago, IL, USA) was employed for data analysis.
RESULTS
Expression of ERCC1 and XPA in cancer cell lines. An increase in the basal ERCC1 expression level was observed in the non-CPS cancer cell lines (HeLa and T-24) compared with the NT2/D1 cell line (P ¼ 0.013 and 0.005, respectively); XPA basal expression levels were not different in the four cancer cell lines (data not shown). As no differences were observed in the basal expression levels of XPA between the CPS and non-CPS cells, the time-course effect of cisplatin was only analysed for the expression of ERCC1. ERCC1 expression increased with time, and the increment was dependent on cisplatin treatment in the non-CPS cancer cell lines (Figure 1 ). cH2AX presence in cells treated with cisplatin. The proportion of gH2AX-positive cells increased in the non-CPS cancer cell lines after treatment with cisplatin (1, 15, 18, and 21 h), and the percentage of positive cells increased steadily over time. In the NT2/D1 cell lines, an increase in the proportion of gH2AX-positive cells was detected at 15 and 18 h but not at 21 h after cisplatin treatment (Figure 2) .
Expression of ERCC1 and XPA in ns-TGCTs. To evaluate the role of ERCC1 and XPA in response to cisplatin-based chemotherapy (BEP), the patients were divided into CPS and non-CPS groups as previously described (Figure 3 ). In the Mexican population, 71.4% were CPS, and 75% were CPS in the Peruvian population. The results of Student's t-test analysis demonstrated an increase in the basal ERCC1 expression level in the non-CPS patients, both in the Mexican and in the Peruvian populations, compared with the CPS patients ( Figure 3A and B) . There was no difference in the XPA expression levels between the CPS and non-CPS patients in either population ( Figure 3C and D) .
Characteristics of patients included in the SNP analysis and ERCC1 immunohistochemistry. The mean age of the included patients was 24.1 years (s.d. 5.2). A total of 38, 30.5, and 31.5% of patients were considered to have good, intermediate, or poor prognoses under the IGCCCGC, respectively. The most frequent sites for metastases included the lung (42.6%), the retroperitoneum (87%), and the mediastinum (9.3%). Seventy-six patients (70.4%) were CPS.
Seventy-three patients (67.6%) were alive at the end of the study, and the median follow-up time of the cohort was 4.88 years (range, 0.28-11.4). Seven patients (6.5%) presented with recurrent disease. The five-year OS probability of this cohort was 66%, whereas the five-year OS probability for groups with good, intermediate, or poor prognosis was 94.7%, 54.7%, and 43.9%, respectively (Po0.001). Patients considered CPS and non-CPS had a 5-year OS probability of 91.9% and 9.4%, respectively (Po0.001).
The bivariate analysis revealed that ERCC1-positive patients had a 1.31-fold greater HR of death (CI 95% 0.645-2.692) compared with ERCC1-negative patients (P ¼ 0.448). Using a Cox model adjusted in the prognosis groups (IGCCCGC), the multivariate model (goodness of fit, Po0.001 by w 2 -test) showed an interaction effect between the presence of ERCC1 and the response to cisplatin-based chemotherapy. Therefore, we decided to analyse the OS including the four groups of patients enclosed by these variables.
Immunohistochemical assessment of ERCC1. The median value of all H scores was 0, and tumours with an H score exceeding 0 were considered ERCC1 positive. Figure 4 shows that ERCC1 was localised to the nucleus. ERCC1-positive immunostaining was observed in 30 out of 108 patients (27.8%). There were no statistically significant differences in the presence of ERCC1 among histological subtypes. However, it is worth noting that of the 30 ERCC1-positive patients, 20 had a teratoma component (mixed teratoma), 7 were pure teratomas, and 3 did not have a teratoma component. Ten of the patients with a teratoma component were non-CPS (33.3%), four of them were pure teratomas (57.1%), and six were mixed teratomas (30%; P ¼ 0.365, Fisher's exact test).
ERCC1 staining and response to cisplatin-based chemotherapy.
Of the 76 CPS patients, 59 (77.6%) were ERCC1-negative and 17 (22.4%) ERCC1-positive (P ¼ 0.05). The clinical characteristics of patients with ns-TGCTs according to CPS and non-CPS are summarised in Table 1 . ERCC1-positive nuclear staining was associated with non-CPS.
Bivariate analysis showed that ERCC1-positive patients had a 2.37-fold greater OR of non-sensitivity to cisplatin-based chemotherapy compared with ERCC1-negative patients. In a multivariate model (goodness of fit, Po0.001 by w 2 -test), the adjusted OR was 42.95 for patients with ERCC1-positive 95% CI (0.97-8.97; P ¼ 0.05). The results of the logistic regression model of ns-TGCTs and insensitivity to cisplatin-based chemotherapy can be found in Table 2 .
ERCC1 staining and cancer-specific death. The OS was influenced by the response to cisplatin-based chemotherapy (CPS and non-CPS), and we found that this variable was strongly associated with the presence of ERCC1 by immunohistochemistry. OS analysis was performed in four groups of patients: (a) ERCC1-positive and non-CPS (13/108); (b) ERCC1-positive and CPS (17/108); (c) ERCC1-negative and CPS (59/108); and (d) ERCC1-negative and non-CPS (19/108). The median survival time was lower in the non-CPS patients who were either ERCC1-positive (1.27 years) or ERCC1-negative (1.30 years) compared with the CPS patients, who had a median survival time of 6.31 years, independent of their ERCC1 status. The Kaplan-Meier curve showed a lower 5-year OS probability for the ERCC1-negative and non-CPS patients (5.26%) compared with the ERCC1-positive and non-CPS patients (15.38%). The OS probability for the ERCC1-positive and CPS patients was greater (100%) than for the ERCC1-negative and CPS patients (89.3%) ( Figure 5 ). The 5-year OS probability of the ERCC1-negative and CPS patients was greater than that of the ERCC1-positive and non-CPS patients (Po0.001). Bivariate analysis indicated that the ERCC1-positive and non-CPS patients had an HR of 17.06, and the ERCC1-negative and non-CPS patients had an HR of death of 20.75 HR compared with the ERCC1-negative and CPS patients (Po0.001). Using a Cox model adjusted in the prognosis groups (IGCCCGC), the HR of death in the ERCC1-negative and non-CPS patients was 414.43 in the multivariate model (goodness of fit, Po0.001 by w 2 -test), and in the ERCC1-positive and non-CPS patients, the HR was 411.86 (Po0.001). The adjusted ratios of the prognosis groups were not predictive in this model. The results of the Cox model of IGCCCG classification, the presence of ERCC1 and the response to cisplatin-based chemotherapy in ns-TGCTs are shown in Table 3 . We did not observe an impact of the presence of ERCC1 on the OS of patients, most likely because the OS of ns-TGCT patients is affected by multiple factors that were not measured in this study and not just by the response to treatment with the first line of BEP.
ERCC1 8092C4A and 5
0 UTR XPA SNP genotyping. For the ERCC1 8092C4A SNP analysis, 42 patients were C/C (40%), 44 were C/A (42%), and 19 were A/A (18%). For the 5 0 UTR XPA SNP analysis, 12 patients were A/A (11%), 61 were A/G (57%) and 34 were G/G (32%). These polymorphisms were not associated with the cisplatin response (Table 1) , the OS, or any other clinical-pathological variables studied (data not shown). These polymorphisms were in Hardy-Weinberg equilibrium: the calculated w 2 (3.55 and 3.05 for ERCC1 8092C4A and 5 0 UTR XPA, respectively)ovalue of w 2 (3.84), considering one degree of freedom and P ¼ 0.05.
The frequencies of the polymorphic alleles were 0.48 for ERCC1 8092C4A and 0.60 for the XPA 5 0 UTR in patients with nsTGCTs; these frequencies were the same as the frequencies observed in a sample of 124 and 161 healthy Mexicans. For the ERCC1 8092C4A SNP analysis, 33 (26.6%) individuals were C/C, 64 (51.6%) were C/A, and 27 (21.8%) were A/A; for the 5 0 UTR XPA SNP, 27 (16.8%) individuals were A/A, 76 (47.2%) were A/G and 58 (36%) were G/G. In the healthy Mexican population, these polymorphisms were in Hardy-Weinberg equilibrium; the calculated w 2 (0.19 and 3.74 for ERCC1 8092C4A and 5 0 UTR XPA, respectively)ovalue of w 2 (3.84), considering one degree of freedom and P ¼ 0.05. Associations between the polymorphisms and the ERCC1 and XPA expression levels were not identified.
DISCUSSION
The in vitro sensitivity of neoplastic cells to cisplatin has been reported to be inversely proportional to the NER capacity of the cells. Therefore, the overexpression of ERCC1 and XPA has been correlated with non-CPS. TGCTs are hypersensitive to cisplatinbased chemotherapy and possess a reduced capacity for removing cisplatin adducts in DNA (Köberle et al, 1996 (Köberle et al, , 1997 (Köberle et al, , 1999 . In this study, we evaluated the association of the DNA repair proteins ERCC1 and XPA and the 8092C4A and 5 0 UTR polymorphisms in ERCC1 and XPA, respectively, with the CPS and OS of patients with ns-TGCTs.
Our data confirmed the association between ERCC1 expression and CPS in cancer cell lines. An increase in ERCC1 expression in the non-CPS cancer cell lines was observed compared with the NT2/D1 cell lines. XPA expression was not associated with CPS. In the NT2/D1 cell lines, a decrease in the proportion of gH2AX-positive cells was observed after cisplatin treatment, suggesting an accumulation of adducts in these cells that induces DSB formation and activates cell death. This result suggests that the TGCT-derived cells are unable to increase the expression of ERCC1, and as a result DNA repair is deficient in these cells. A recent study has reported an accumulation of gH2AX fluorescence in testicular cancer cell lines after exposure to cisplatin for 3, 24, and 48 h (Fenske et al, 2012) . Our results obtained in the time-course experiments confirmed these observations.
The observed association between ERCC1, but not XPA, and cisplatin treatment in the NT2/D1 cell lines is supported by previous studies in TGCT-derived cell lines (Honecker, 2003; Köberle et al, 2008) . Non-seminomatous TGCTs patients were characterised as having increased ERCC1 expression compared with seminomas and normal testicular tissue . These results support a prior study that identified decreased crosslink repair induced by cisplatin in testicular tumour cells because of diminished ERCC1-XPF expression ). An increase in ERCC1 expression has been reported in testicular cancer cell lines with acquired resistance compared with the parental cell line (Taverna et al, 1994) . In our study, we observed an increase in the expression of ERCC1 after treatment with cisplatin only in cell lines with primary resistance, but not in the sensitive testicular cancer cell line.
The ERCC1 expression levels in samples of BEP chemo-naive ns-TGCTs obtained from Mexican and Peruvian populations support the important role of ERCC1 in the sensitivity of TGCTs to cisplatin therapy. Our results suggest a role for ERCC1 expression that is associated with the response to cisplatin-based chemotherapy in independent cohorts with ns-TGCTs.
Immunohistochemistry showed that the ERCC1-positive patients were correlated with non-CPS. These observations suggest that ERCC1 is involved in the sensitivity to cisplatin in ns-TGCTs. The absence of the ERCC1 protein in ns-TGCTs is associated with deficient DNA repair of cisplatin-induced DNA damage and, as a result, with a better response to cisplatin-based chemotherapy. However, we did not find any differences in the presence of ERCC1 among the diverse histological subtypes of ns-TGCTs or an association of these subtypes with the response to cisplatin-based chemotherapy. A similar result was reported in a previous study that investigated the association between the presence of various proteins involved in the cell cycle, apoptosis, and drug detoxification in different histological subtypes of TGCT and the response to chemotherapy, concluding that none of the evaluated parameters could explain the resistant phenotype of TGCT (Mayer et al, 2003) .
To our knowledge, this is the first study to identify these polymorphisms in ns-TGCTs. In patients with lung cancer who were treated with cisplatin, it was demonstrated that the 8092C4A polymorphism of ERCC1 is associated with decreased OS (Zhou et al, 2004) . The polymorphism in the 5 0 UTR of XPA is associated with both decreased OS and decreased disease-free survival in women with ovarian cancer who were treated with cisplatin-based chemotherapy (Saldivar et al, 2007) . In contrast, we did not identify an association between these SNPs and either CPS or OS.
The results suggest a role for DNA repair proteins, specifically ERCC1, in both CPS and OS in ns-TGCTs. The response to cisplatin-based chemotherapy and the presence of the ERCC1 were two prognosis factors in determining the probability of survival in ns-TGCTs. The strong interaction of these factors observed in a multivariate analysis demonstrates the importance of determining the presence of ERCC1 in non-CPS patients. In addition, it remains unknown why ERCC1-negative and non-CPS patients are not cured with cisplatin-based chemotherapy; these patients must possess unknown factors that make them non-sensitive.
These findings should be confirmed in a prospective trial to determine whether cisplatin should be used as part of the chemotherapeutical scheme for ns-TGCTs with advanced disease based on the ERCC1 status. Moreover, it is extremely important to identify patients who are potentially non-sensitive to cisplatinbased chemotherapy to diminish the toxicity of cisplatin and improve their quality of life by avoiding the adverse effects caused by this agent. To date, a chemotherapy regimen demonstrating superiority to the standard chemotherapy (BEP) does not exist. However, once these non-CPS patients are identified, a diseasemanagement protocol without cisplatin could be employed for nsTGCTs with advanced disease.
